Ribosome-driven protein biosynthesis is comprised of four phases: initiation, elongation, termination and recycling. In bacteria, ribosome recycling requires ribosome recycling factor and elongation factor G, and several structures of bacterial recycling complexes have been determined. In the eukaryotic and archaeal kingdoms, however, recycling involves the ABC-type ATPase ABCE1 and little is known about its structural basis. Here we present cryoelectron microscopy reconstructions of eukaryotic and archaeal ribosome recycling complexes containing ABCE1 and the termination factor paralogue Pelota. These structures reveal the overall binding mode of ABCE1 to be similar to canonical translation factors. Moreover, the iron-sulphur cluster domain of ABCE1 interacts with and stabilizes Pelota in a conformation that reaches towards the peptidyl transferase centre, thus explaining how ABCE1 may stimulate peptide-release activity of canonical termination factors. Using the mechanochemical properties of ABCE1, a conserved mechanism in archaea and eukaryotes is suggested that couples translation termination to recycling, and eventually to re-initiation.
Ribosome-driven protein biosynthesis is comprised of four phases: initiation, elongation, termination and recycling. In bacteria, ribosome recycling requires ribosome recycling factor and elongation factor G, and several structures of bacterial recycling complexes have been determined. In the eukaryotic and archaeal kingdoms, however, recycling involves the ABC-type ATPase ABCE1 and little is known about its structural basis. Here we present cryoelectron microscopy reconstructions of eukaryotic and archaeal ribosome recycling complexes containing ABCE1 and the termination factor paralogue Pelota. These structures reveal the overall binding mode of ABCE1 to be similar to canonical translation factors. Moreover, the iron-sulphur cluster domain of ABCE1 interacts with and stabilizes Pelota in a conformation that reaches towards the peptidyl transferase centre, thus explaining how ABCE1 may stimulate peptide-release activity of canonical termination factors. Using the mechanochemical properties of ABCE1, a conserved mechanism in archaea and eukaryotes is suggested that couples translation termination to recycling, and eventually to re-initiation.
Recycling of ribosomes for a new round of translation initiation is an essential part of protein synthesis. In archaea and eukaryotes recycling has been shown to require the highly conserved and essential ABCtype ATPase ABCE1 (Rli1p in Saccharomyces cerevisiae with 46.7% identity to archaeal (a)ABCE1 in Pyrococcus furiosus) 1-4 . ABCE1 can dissociate ribosomes into subunits either after canonical termination by release factors 4 or after recognition of stalled ribosomes by messenger RNA surveillance factors such as Pelota (Dom34p in S. cerevisiae, aPelota in P. furiosus) 5 . Crystal structures of aABCE1 revealed two nucleotide-binding domains (NBDs) in a typical head-to-tail orientation as observed for most of the other members of the ABC protein family [6] [7] [8] . Additional unique structural features of ABCE1 proteins are a helix-loop-helix (HLH) motif, a highly conserved hinge domain and an iron-sulphur cluster domain (FeS) containing two [4Fe-4S] 21 clusters 6, 9 . In eukaryotes ABCE1 can be found associated with ribosomes and small ribosomal subunits, but also with release factors and initiation factors (eRF1, eIF2, eIF3 and eIF5) 10, 11 . Notably, ABCE1 physically interacts with eRF1 and directly influences its function in stop-codon recognition and peptidyl-transfer RNA (tRNA) hydrolysis 12, 13 . During recycling ABCE1 can split post-termination complexes obtained with eRF1 and eRF3 into free 60S subunits and tRNA-and mRNA-bound 40S subunits 4 . A similar role for ABCE1 was found in an archaeal translation system in which aABCE1 together with aRF1 was shown to dissociate ribosomes into subunits upon ATP binding 8 . ABCE1 also acts together with the eRF1 paralogue Pelota 5 . In S. cerevisiae, Dom34 and the eRF3 paralogue Hbs1 were described as mRNA surveillance factors recognizing stalled elongating ribosomes 14 .
Such stalls can occur on mRNAs with stable secondary structures, truncations or lacking a stop codon, so that further elongation or canonical termination is prevented. In the so called no-go mRNA decay (NGD) or non-stop mRNA decay (NSD) pathways, such stalled ribosomes are recognized by Dom34 and Hbs1 (NGD and NSD, respectively) 14 or by another eRF3 paralogue Ski7 (NSD), eventually triggering mRNA degradation [14] [15] [16] [17] [18] . A cryo-electron microscopy (cryo-EM) structure of a stalled ribosome bound to Dom34-Hbs1 shows that Dom34 occupies the ribosomal A site, whereas Hbs1 binds the ribosome similar to other translational GTPases, such as elongation factor Tu (EFTu) 19 . Dom34-Hbs1 alone shows ribosome dissociation activity and splits stalled reconstituted ribosomes that contain P-site peptidyltRNA 20 . In a mammalian system, however, ABCE1 is strictly required for ribosome disassembly of both programmed and vacant ribosomes by Pelota and Hbs15 (ref. 5). Taken together, ABCE1 is probably the general ribosome recycling factor in archaea and eukaryotes. In contrast to the analogous bacterial system, however, ABCE1 acts not only after canonical release-factor-dependent termination but also after Pelotadependent recognition of stalled ribosomes.
It is not known how ABCE1 functions on the ribosome in concert with Pelota or release factors, and how the mechanochemical properties of ABCE1 are used for ribosome recycling. To address these questions, we determined cryo-EM structures of eukaryotic and archaeal recycling complexes containing Pelota and ABCE1.
Model of Pelota-ABCE1-ribosome complexes
Recycling complexes were obtained by in vitro reconstitution of the 70S and 80S ribosomes with purified Pelota and ABCE1 orthologues.
For the generation of a S. cerevisiae 80S ribosome-Dom34-Rli1 complex we used ribosome nascent chain complexes (RNCs) stalled by an mRNA with a synthetic stem loop (SL) 14, 21 , a complex used previously for an 80S-Dom34-Hbs1 cryo-EM reconstruction 19 . For archaeal (P. furiosus) 70S-aPelota-aABCE1 complexes, 70S ribosomes were purified from a translation extract 22 . Simultaneous ribosome binding of Pelota and ABCE1 in the presence of non-hydrolysable ADPNP was shown by pelleting assays in the yeast and archaeal systems ( Supplementary Fig. 1a, b) . Notably, aABCE1-dependent splitting of archaeal ribosomes was not detectable with ADPNP, but strictly required ATP ( Supplementary Fig. 1c, d) .
Using cryo-EM in combination with single-particle analysis, we determined the structures of the SL-RNC-Dom34-Rli1 complex from yeast and the 70S-aPelota-aABCE1 complex from P. furiosus. Computational sorting was performed to generate homogeneous populations of ribosomal complexes containing Pelota, ABCE1 and P-site tRNA. The resolution of the final maps was determined to be 7.2 Å for the yeast complex and 6.6 Å for the archaeal complex ( Supplementary Fig. 2 ). In both reconstructions we observed density for Pelota in the ribosomal A site, for ABCE1 in the GTPase translation factor binding site, and for tRNA in the P site (Fig. 1a, b) . Additional E-site tRNA density is present in the archaeal ribosome. Both reconstructions are remarkably similar with respect to conformation and the ribosomal interaction patterns of the ABCE1 and Pelota orthologues. Using available crystal structures we could unambiguously assign and position the individual domains of Pelota-divided into amino-terminal domain (NTD), central domain and carboxy-terminal domain (CTD)-and ABCE1-divided into the N-terminal FeS, NBD1 containing a HLH motif, NBD2 and the hinge domain ( Fig. 1c and Supplementary Fig. 3) .
Notably, the two electron dense [4Fe-4S] 21 clusters of ABCE1 can be clearly resolved as distinct spheres at high contour levels in both the yeast and archaeal maps reconstructions, validating the positioning of crystal structures in the EM maps (Fig. 1d) . For molecular analysis we used the crystal structure of the yeast 40S subunit 23 , the model of the yeast 80S ribosome 24, 25 and, in addition, we built a homology-based molecular model of the archaeal 70S ribosome.
Ribosome-ABCE1 interaction
ABCE1 binds to ribosomes in the intersubunit space, where canonical translational GTPases such as EF-Tu, EF-G/eEF2 or Hbs1 also interact with the ribosome (Fig. 2a ) 19, [26] [27] [28] [29] . ABCE1 excludes these factors from binding at the same time, and we thus conclude that dissociation of Hbs1 or aEF1a or, in the case of termination, eRF3 or aEF1a, has to precede ABCE1 binding. Similar to these GTPases, the ATPase ABCE1 contacts the small ribosomal subunit, specifically ribosomal RNA helices h5, h8, h14 and h15 ( Supplementary Tables 1 and 2 ). The h5-h15 region interacts with domain II of the translational GTPases, whereas the h8-h14 junction is the most proximal region to the GTPase switch regions 30, 31 ( Supplementary Fig. 4) . Interestingly, the same regions are contacted by ABCE1 via two specific, up to now unexplained, structural features of ABCE1-type ABC-ATPases. The HLH motif of ABCE1 contacts the h5-h15 junction, whereas the hinge region establishes extensive contacts with the h8-h14 junction. In contrast to translational GTPases that engage in close interaction with the sarcin-ricin loop (SRL) of the rRNA helix, H95, contacts of ABCE1 with the large subunit are essentially limited to L9 in both species. Despite the overall marked similarity between Rli1 and aABCE1 in their ribosome interaction mode, additional minor contacts are present in the yeast complex: Rli1 contacts rpS6e and rpS24e on the small subunit, and, on the large subunit, rpP0 and a small region of the SRL (H95), which is different from the binding region of translational GTPases (Fig. 2b, c) . Unexpectedly, the FeS cluster domain of ABCE1 does not directly bind the ribosome but instead interacts with Pelota only. These interactions are conserved between yeast and archaea.
In summary, ABCE1 establishes multiple contacts with both small and large ribosomal subunits as well as with the release factors (and their paralogues) and these interactions involve all domains of ABCE1. Such tight recognition provides a rationale for direct mechanochemical coupling of ATP-driven conformational changes in ABCE1 with structural changes in the ribosome that are critical for termination and release.
ABCE1-stabilized conformational switch of Pelota
The FeS domain of ABCE1 binds to the CTD of Pelota and we observe a large-scale conformational change in the central domain and CTD compared to the Dom34 structure in the Hbs1-bound state 19 ( Fig. 3) . By contrast, the NTD of Pelota is essentially unchanged in these two structures where they are located in the A site contacting rRNA helices h18, h28, h31, h34 and h44, and additionally the ribosomal protein rpS30 in yeast. The b3-b4 loop reaches deeply into the A site and at the given resolution we observed additional contacts of this loop of aPelota with the ribosomal protein S5 (Supplementary Fig. 3c ). The most marked rearrangements, however, occur in the central domain of both Pelota orthologues: the central domain of Dom34 bound to Hbs1 in the yeast ribosome is tightly packed against Hbs1 (ref. 19) , very similar to the domain arrangement in the crystal structure of an aPelota-aEF1a complex 32 (Fig. 3b) ; in the presence of ABCE1, however, the central domain of Dom34 or aPelota is rotated by approximately 140u towards the P-site tRNA (Supplementary Movies 1 and 2). In this conformation it establishes numerous new contacts to rRNA in domain IV and V of the large subunit (Supplementary Tables 1 and 2 ). The positively charged loop b10-a3 directly contacts the P-site tRNA acceptor stem and the ribosomal protein L10e in archaea. In the closely related RF1 proteins, this loop contains the GGQ motif that is essential for catalysing the hydrolysis of peptide from peptidyl-tRNA 33, 34 . When modelling ribosomebound eRF1 on the basis of the Pelota conformation observed in the presence of ABCE1, the GGQ motif of eRF1 would be ideally positioned to interact with the CCA-end of the P-site peptidyltRNA in the peptidyl transferase centre (Fig. 3c ). This may explain how ABCE1 can stimulate termination activity in vivo and in vitro 12, 13 . As the CTD of Pelota establishes the only contact site with ABCE1 via the FeS cluster domain, the interaction surface is rather small (440 Å 2 ) compared to that between ribosome-bound Dom34 and Hbs1 trapped in the GTP state (1,940 Å 2 ) 19 . In the ABCE1-bound conformation, the CTD is rotated downwards by approximately 15u together with a movement of the ribosomal stalk base (H43-H44, rpL12), similar to that induced by eEF2 binding ( Supplementary  Fig. 5 ) 28, 29 . Both the stalk base and the CTD of Dom34 move closer towards the SRL of H95 and a strong contact between the CTD of Dom34 (helix a7) and the SRL is established (Fig. 3d) . Very similar conformations of the stalk base, as well as of the central domain and CTD, were observed for aPelota on the archaeal ribosome, although some molecular details of domain fold and ribosome interaction pattern also differ between Dom34 and aPelota. Interestingly, helices a5, a6 and a7, which link the central domain and the CTD of aPelota, establish one long a-helix with a kink between a5 and a6 in the presence of aABCE1 that reaches from the SRL deeply into the A site (Fig. 3e) .
In summary, in both species the presence of ABCE1 stabilizes an alternative conformation of Pelota on the ribosome, primarily affecting the central domain that reaches through the A site to contact the P-site tRNA. An analogous behaviour of the closely related release factors would ideally position the conserved GGQ loop for catalysing peptidyl-tRNA hydrolysis.
Mechanochemical activity of ABCE1 on the ribosome
Typically, ABC proteins generate mechanochemical work by nucleotidedriven clamp-like motions of the two NBDs: in the apo or ADP-bound state, NBDs adopt an open conformation often linked to a higher affinity for the given substrate of the ABC enzyme. ATP binding triggers a closed state, by binding to Walker A and B motifs of one NBD and the opposing conserved LSGGQ loop (signature motif) of the other NBD that coordinates the c-phosphate of ATP for subsequent hydrolysis 35 . ATP binding or subsequent ATP hydrolysis leads to a 'power stroke' that usually causes concomitant conformational changes in connected domains or binding partners.
To analyse the mechanochemical function of ABCE1 in ribosome splitting, we compared the ribosome-bound conformation of ABCE1 with the open ADP-bound form as observed in the crystal [6] [7] [8] and with a model for the closed ATP-bound state (Fig. 4a) . The model for the closed state is derived by individually superimposing the NBDs of ABCE1 to NBDs crystallized in the ATP-bound state 36 . Interestingly, 
RESEARCH ARTICLE
to induce splitting. One possibility is that the small and large ribosomal subunits follow the trajectory of NBD1 and NBD2 of ABCE1, respectively. In this case the ribosomal subunits would sufficiently rotate away from each other so as to affect the intersubunit bridges and, thus, the overall ribosome stability (Fig. 4b) .
It is more likely, however, that the transition of ABCE1 through the closed conformation triggers an allosteric cascade affecting Pelota: the FeS cluster domain of ABCE1 contacts the NBD2 domain already in the half-open state and has to follow the movement of the NBD2 during closure. This conformational change of the FeS cluster domain towards the intersubunit space is likely to be transmitted to Pelota via the close interaction with its CTD. A shift of the CTD would in turn be transmitted to both the NTD and the central domain of Pelota. These Pelota domains establish a network of contacts with the small and the large ribosomal subunit as well as with the P-site tRNA (Fig. 4c) . Indeed, numerous mutations underline the functional importance of these domains for the activity of Pelota (Supplementary Tables 1 and  2) . A conformational shift can be easily envisaged to cause dissociation of the ribosome by destabilizing intersubunit bridges and the P-site tRNA. A function of the FeS cluster domain of ABCE1 as a structural bolt to remodel Pelota by transmitting ATP-induced changes from the NBDs is in good agreement with the finding that deletion of this domain abolishes splitting activity 8 . The enhanced stability of the domain provided by the FeS cluster may be required in the transmission of the mechanochemical power of ABCE1 for ribosome splitting.
Although using an entirely different cast of characters, this scenario is structurally reminiscent of bacterial ribosome recycling by ribosome recycling factor (RRF) and elongation factor G (EF-G). In this case, an EF-G-based GTP-dependent conformational switch positions RRF to clash with the small ribosomal subunit, inevitably promoting subunit dissociation 8 ( Fig. 4d, e) .
Conclusion
We provide a structural basis and a universal mechanistic model for eukaryotic and archaeal ribosome recycling in which ABCE1 actively coordinates rescue (or translation termination) with recycling and reinitiation ( Fig. 5 ):
In the first stage, the recognition stage, the sensing factors Pelota (for rescue) or RF1 (for termination) are delivered to stalled ribosomes or pre-termination complexes by EF-Tu-like GTPases. In the next step, the GTPase dissociates to allow ABCE1 binding to the ribosome. ABCE1 interacts with the CTD of Pelota (or of RF1 in termination) to stabilize the extended conformation of the central domain. In the case of translation termination, the GGQ motif of RF1 will be positioned proximal to the CCA-end of the P-site tRNA to catalyse peptide release; in the case of ribosome rescue, the central domain will be tightly accommodated proximal to the peptidyl transferase centre. Subsequently, in both cases, ABCE1 triggers ribosome disassembly into subunits by a power stroke upon NBD domain closure and ATP hydrolysis 5 . Our biochemical and structural data suggest a universal role of ATP hydrolysis in the mechanism of ABCE1-driven recycling. The conformational switch of ABCE1 could cause either a direct disruption of the ribosomal intersubunit bridges or, more likely, further conformational changes via an allosteric cascade from the FeS cluster domain of ABCE1 to the central domain and NTD of Pelota. In the archaeal system ABCE1 remains bound to the small ribosomal subunit after splitting 8 and it has been also found on the small subunit in eukaryotes 10, 11 . Notably, ribosome recycling is coupled in eukaryotes with re-initiation when initiation factors such as eIF3, eIF1 and eIF1A bind the small ribosomal subunit as recycling is completed 38 . An initial recruitment of eIF3 to the 80S ribosome may even occur directly via ABCE1 interaction with the eIF3 subunit eIF3j (Hcr1p in yeast), even before recycling is completed 13, 39, 40 . In contrast, the analogous bacterial recycling system consisting of RRF and EF-G acts only after termination is completed and the participation of initiation factors is less clear 41 .
In conclusion, the archaeal and eukaryotic kingdoms have maintained an extremely conserved general ribosome recycling system with an ABCtype ATPase at the core: the mechanochemical properties of ABCE1 are used through a still somewhat enigmatic FeS cluster domain. This domain triggers an allosteric cascade that actively coordinates translation termination or rescue with recycling 12 , and eventually with re-initiation. It remains a puzzle as to why a complex FeS cluster domain is apparently used for a structural role only and has not been replaced by a simpler structure over billions of years of evolution. Thus, it is highly desirable to seek deeper insight into additional functions of ABCE1 in processes such as translation initiation and ribosome assembly.
METHODS SUMMARY
Programmed yeast SL-RNCs were prepared from cell-free extracts as described 19, 42 . Archaeal ribosomes were purified from cell-free extracts 22 by sucrose density centrifugation. Ribosome binding partners (Dom34, aPelota, ABCE1, aRF1 and aIF6) were expressed in E. coli or S. cerevisiae (Rli1) and purified using affinity chromatography. Ligands were reconstituted in vitro with SL-RNCs or 70S ribosomes, and binding was analysed by SDS-PAGE after pelleting of ribosomebound fractions. Splitting activity was monitored in sucrose gradients using ultraviolet profiles. For cryo-EM, yeast and archaeal recycling complexes were vitrified and data were collected on a Titan Krios electron microscope (FEI Company). Single-particle analysis and three-dimensional reconstruction was done using the SPIDER software package 43 . Homology models were generated using HHPRED 44 and MODELLER 45 .
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature. termination with initiation. A translational GTPase (Hbs1/aEF1a/eRF3) delivers the factor, which recognizes stalled ribosomes (Pelota) or pretermination complexes (eRF1/aRF1). After GTP hydrolysis, the GTPase dissociates and ABCE1 can bind. ABCE1 induces or stabilizes the swung-out conformation of Pelota (or RF1), which would lead to peptide release in case of termination. Ribosome splitting is induced after ATP binding to ABCE1 and hydrolysis. In eukaryotes, initiation factors can bind during the splitting reaction, coupling ribosome recycling with re-initiation. After splitting ABCE1 stays associated with the small ribosomal subunit.
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METHODS
Purification of SL-stalled RNCs. Yeast (S. cerevisiae) ribosomes were stalled using a synthetic SL 39 of the coding region (sequence: 59-GATATCCCGTG GAGGGGCGCGTGGTGGCGGCTGCAGCCGCCACCACGCGCCCCTCCAC GGGATATC-39) as described before 14, 19, 21 . The mRNA coded for the 120 N-terminal residues of DBAP-B with additional N-terminal haemagglutinin (HA) and His 6 tags. RNC complexes were purified after in vitro translation in a yeast cell-free translation extract as described previously 42 . Purification of ribosomes from P. furiosus or T. kodakarensis. Ribosomes were purified from frozen P. furiosus or T. kodakarensis cell pellets. Cell pellets were suspended in 1.33 S30 buffer (10 mM Tris pH 7.4, 60 mM potassium acetate (KOAc), 14 mM MgCl 2 ) overnight at 4 uC. The homogenous lysate was disrupted with a microfluidizer (Microfluidics). Cell debris was removed by centrifugation at 20,000g at 4 uC. The supernatant was decanted and ribosomes were pelleted through a high-salt sucrose cushion (1 M sucrose, 500 mM NH 4 OAc, S30 buffer) at 312,000g (RP80AT, Sorvall) for 60 min. The ribosomal pellet was suspended in buffer TrB25 (56 mM Tris pH 8.2, 250 mM KOAc, 80 mM NH 4 OAc, 25 mM MgCl 2 , 1 mM dithiothreitol (DTT)). The ribosomes were then gradient purified (10-40% sucrose, 10 mM Tris pH 7.4, 60 mM KOAc, 14 mM MgCl 2 ) at 45,600g (SW40, Beckman Coulter) for 16 h at 4 uC. The fractions were collected using a Gradient Station (Biocomp) with an Econo UV Monitor (Biorad) and a FC203B Fraction Collector (Gilson). The fractions containing 70S ribosomes were washed with S30 buffer and concentrated using a 100 kDa Amicon Ultra Centrifugal Filter Unit (Millipore). S30 and TrB25 buffer are based on published protocols 46, 47 . TrB25 is derived from the translation buffer and was modified for our purpose. Purification of aABCE1/Rli1p, aPelota/Dom34p, aRF1 and aIF6. For, Rli1p, RLI1 was cloned from yeast (S. cerevisiae) genomic DNA into pYES2 and induced in INVSc1 cells (Invitrogen) at 30 uC for 16 h. Cells were harvested and suspended in Ni-NTA lysis buffer (75 mM HEPES pH 8.0, 300 mM NaCl, 5 mM b-mercaptoethanol, 1% Tween, 20 mM imidazole, 10% glycerol), frozen in pellets and lysed in a liquid nitrogen Freezer/Mill (SPEX SamplePrep, LLC). Lysate was clarified and purified over a HisTrap FF column (GE Healthcare) on an Ä TKA FPLC (GE Healthcare). Additional purification was conducted over an S100 size exclusion column (GE Healthcare) pre-equilibrated in Buffer SE (20 mM Tris-Cl pH 7.5, 200 mM NaCl, 5 mM b-mercaptoethanol, 5% glycerol). Purified protein was observed to have a brown/yellow colour.
For Dom34p, N-terminally tagged S. cerevisiae protein Dom34p was overexpressed in E. coli in a pET21a(1) vector and purified via a Ni-NTA affinity chromatography as described before 48, 49 . For aABCE1, C-terminally strep-tagged aABCE1 from P. furiosus was expressed and reconstituted as described previously 6 . Aliquots were kept under anaerobic conditions and stored at 280 uC.
For aPelota, aPelota from T. kodakarensis genomic DNA was cloned into pET28 (Novagen) generating a C-terminally His-tagged construct. The E. coli strain Rosetta(DE3) (Novagen) was used for expression at 37 uC for 2-3 h. Cells were harvested and suspended in buffer A (10 mM Tris pH 8.0, 500 mM NaCl, 1 mM DTT) with 13 Complete EDTA-free Protease Inhibitor cocktail (Roche), 2 mM PMSF and 6 mg ml 21 DNaseI. Lysis was achieved using a microfluidizer (Microfluidics) at 120.66 MPa. After centrifugation the supernatant was purified over a HisTrap HP column (GE Healthcare) on an Ä KTA FPLC Purifier (GE Healthcare).
For aRF1, aRF1 from T. kodakarensis was prepared as described above for aPelota. After elution from the HisTrap HP column, the protein was dialysed over night against a 1,0003 excess of buffer A. After a heat denaturation step at 55 uC for 10 min, 1% glycerol was added before concentration. Precipitate was removed by centrifugation.
For aIF6, aIF6 from T. kodakarensis was prepared as described above for aPelota. Reconstitution of yeast RNC-Dom34-Rli1 complexes. For in vitro binding assays and cryo-EM, 2 pmol of yeast SL-RNCs were reconstituted with a 10-fold molar excess of Dom34p and Rli1p in a volume of 25 ml under final conditions of 20 mM Tris/HCl pH 7.0, 150 mM KOAc, 10 mM Mg(OAc) 2 , 1.5 mM DTT, 0.005% Nikkol, 10 mg mg 21 cycloheximide, 0.3% (w/v) digitonin, 500 mM ADPNP and incubated for 15 min at 25 uC and 10 min on ice. To assess ligand binding to ribosomes, reactions were applied to a 750 mM sucrose cushion and spun for 2.5 h at 152,000g. at 4uC in a SW55 rotor (Beckman Coulter). Supernatant and pellet fractions were analysed by SDS-PAGE followed by SYPRO Orange (Bio-Rad) staining. Stained proteins were visualized on a phosphorimaging screen (Typhoon 9400, GE Healthcare). Reconstitution of archaeal 70S-aPelota-aABCE1 complexes. Archaeal complexes for cryo-EM were reconstituted under anaerobic conditions (glove box, Coy Laboratories) in degassed buffer TrB50 (56 mM Tris pH 8.2, 250 mM KOAc, 80 mM NH 4 OAc, 50 mM MgCl 2 , 1 mM DTT) with 2 mM ADPNP. 8.5 pmol of ribosomes (P. furiosus), 40 pmol of aPelota and 40 pmol of aABCE1 were incubated for 25 min at 30 uC. The complexes were then diluted to 4.0 OD 260 nm for cryo-EM and kept at room temperature (23 uC) until vitrification.
Ligand binding assays were performed as described earlier for the archaeal cryo-EM complexes. After incubation the reactions were applied to a 1 M sucrose cushion and spun for 45 min at 189,000g in a TLA100 rotor (Beckman Coulter). Supernatant and pellet fractions were analysed as described above. Splitting of archaeal 70S ribosomes. 15 pmol of ribosomes (T. kodakarensis) were incubated with a 2.5-fold molar excess of ligands under anaerobic conditions in buffer TrB25. ATP was added to a final concentration of 2 mM. The reaction was incubated for 25 min at 25 uC. Splitting of the ribosomes was evaluated by separation on a 15-40% sucrose gradient (56 mM Tris pH 8.2, 250 mM KOAc, 80 mM NH 4 OAc, 50 mM MgCl 2 , 1 mM DTT), at 164,000g (SW-60, Beckman Coulter) for 3 h at 4 uC. The gradients were analysed using a Gradient Station (Biocomp) with an Econo UV Monitor (Biorad) and a FC203B Fraction Collector (Gilson). Electron microscopy and image processing. Freshly prepared sample was applied to 2 nm pre-coated Quantifoil R3/3 holey carbon supported grids and vitrified using a Vitrobot Mark IV (FEI Company) and visualized on a Titan Krios TEM (FEI Company) under low-dose conditions (about 20 e 2 per Å 2 ) at a nominal magnification of 375,000 with a nominal defocus between 21 mm and 23.5 mm.
The yeast SL-RNC-Dom34-Rli1 data set was collected at 300 keV at a magnification of 3128,200 at the plane of CCD using an Eagle 4k 3 4k CCD camera (FEI Company, 4,096 3 4,096 pixel, 15 mm pixel, 5 s/full frame) resulting in an image pixel size of 1.17 Å (object scale). The archaeal aPelota-aABCE1 data set was collected at 200 keV at a magnification of 3148,721 at the plane of CCD using a faster TemCam-F416 CMOS camera (TVIPS GmbH, 4,096 3 4,096 pixel, 15.6 mm pixel, 1 s/full frame), resulting in an image pixel size of 1.049 Å (object scale).
Data collection was facilitated by the semi-automated software EM-TOOLS (TVIPS GmbH), allowing manual selection of appropriate grid meshes and holes in the holey carbon film. The acquisition automatically performed a re-centering, drift and focus correction before the final spot scan series were taken. Long-term TEM instabilities in beam shift, astigmatism and coma were corrected by EM-TOOLS regularly (for example, every 45 min). Selected on the basis of power spectra quality, typically 70% of the recorded images were used for the subsequent reconstruction.
Data processing was done using the SPIDER software package 43 . For data processing from the TITAN KRIOS microscope we developed a new automated workflow including import of the original .tif files, automated conversion into SPIDER and MRC format, CTF determination using the SPIDER TF ED command and automated particle selection based on the program Signature 50 . After initial particle selection a second selection of the data set was done using a newly developed machine-learning algorithm (MAPPOS; http://arxiv.org/abs/1112.3173v2) that detects wrongly selected particles ('non-particles') such as contaminations, noise, carbon edges etc. An ensemble classifier was trained to categorise the data set based on a smaller training set containing good and non-particles, respectively. This was achieved by discriminatory features that were extracted from each image. Identified non-particles were then omitted from the data set.
The 80S-SL-RNC-Dom34-Rli1 data set was refined to a final resolution of 7.2 Å (Fourier shell correlation (FSC) cut-off 0.5). Refinement and sorting of 144,500 particles was performed as described before 19, 51 . The data set was first split into two subsets representing particles with and without Dom34 and Rli1 (101,700). This subset was further sorted according to presence of P-site tRNA (45,700 particles with tRNA, 56,000 particles without tRNA).
The entire 70S-aPelota-aABCE1 data set contained 365,000 particles. The data set was sorted according to the presence of aABCE1 and P-site tRNA 19, 51 . The data subset with aABCE1 still displayed heterogeneity regarding occupation with tRNA or aPelota in the A site, and it was further sorted accordingly. The final data set contained 51,000 particles and the final resolution was 6.6 Å (FSC 0.5). Model building for aPelota/Dom34 and aABCE1/Rli1. For the generation of protein homology models, the programs HHPRED 44 and MODELLER 45 were used. For generating the Dom34 model in the Rli1-bound state, the existing crystal structure in complex with Hbs1 (PDB accession 3MCA) 52 and the model for ribosome-bound Dom34 (PDB accession 3IZQ) 19 was used. The model for the T. kodakarensis aPelota was built using the X-ray structure (PDB accession 3AGJ) 32 . Models for S. cerevisiae Rli1 and P. furiosus aABCE1 were generated based on existing crystal structures (PDB accession 3BK7) 6 . Because in all electron densities the secondary structure of proteins was visible, a highly reliable initial rigid body fit for aPelota/Dom34 aABCE1/Rli1 could be performed using Coot and UCSF Chimera 53, 54 . On the basis of this initial fit, we used the programs DireX 55 and the molecular dynamics flexible fitting (MDFF) method 56, 57 to interactively refine the models. A model for the S. cerevisiae ribosome 24, 25 was ARTICLE RESEARCH used for molecular interpretation of Dom34/Hbs1-ribosome interactions. For analysing the archaeal complex a model for the P. furiosus 70S ribosome was built as described before 24, 25 .
